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ABSTRACT

Presented in this report are the results of a two-frequency ex-
periment conducted at The Ohio State University ElectroScience
Laboratory. The experimental results are compared with the theo-
retically predicted behavior in an attempt to verify the fundamental
ideas on which the two frequency experiment is based. An estimate
is made of the RMS height of the lunar surface.
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OSU LUNAR TWO-FREQUENCY EXPERIMENT

I. INTRODUCTION

Past lunar radar experiments have been predominantly single-
frequency experiments. Among the surface parameters estimated
by these investigations is the RMS surface slope. It has been shown
both experimentally (Fig. 1) and theoretically (Reference 1) that the
effective RMS surface slope is a function of the examining wavelength.
An estimation of the RMS surface height cannot be obtained from a
single-frequency experiment.

Reference 2 describes a "two-frequency experiment'' which
provides an estimate of the RMS height of a rough surface. Unlike
the effective RMS surface slope, the RMS surface height is for all
practical purposes independent of the examining wavelength. Estimates
of the RMS height and the RMS slope together give a fairly complete
picture of the type of rough surface under study.

The results of a two-frequency experiment performed at the
ElectroScience Laboratory at The Ohio State University are presented
in this report. Instrumentation limitations prevented the performance
of the experiment exactly as outlined in Reference 2, but the results
should aid in verifying the fundamental ideas on which the two-frequency
experiment is based.

II. THE TWO-FREQUENCY EXPERIMENT

The ''two-frequency experiment'' is described in detail in
Reference 2. Basically, a rough surface is illuminated with two waves
at two different frequencies f; and f,. The frequency difference is
represented by Af = f; - f,. The scattered signals are correlated for
various values of Af, providing a correlation coefficient as a function
of frequency separation. It is reasonable to expect that for Af very
small, the correlation coefficient will be near unity. When the wave-
length corresponding to Af, i.e., Ag = c/Af, (c = velocity of light),
becomes of the same order of magnitude as the surface heights, one
would expect intuitively that the correlation should begin to decrease.
Thus the separation wavelength, Ag, at which correlation begins to
decrease should provide some measure of RMS surface roughness.
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There is an initial rapid decrease in the correlation coefficient
when the separation wavelength is of the order of the diameter of the
moon. This, of course, provides no information on the RMS roughness.
Previous two-frequency investigations"’ were terminated at this point,
before reaching separation frequencies great enough (or separation
wavelengths small enough) to detect the region of decrease in the

correlation predicted by the two-frequency theory.

For experimental purposes, f; and f, must be large, e.g., in
the microwave range, for convenient measurement. It is also desir-
able to make f; and f; large enough for the physical optics approxi-
mation to apply for at least the largest scale of surface roughness in
order to permit comparison of the theoretical results (which assumed
the physical optics approximation) with experimental results. The
frequency separation, Af, can be obtained simply by modulating a
carrier. The sidebands of the return signal can then be correlated
to provide the desired information.

According to Reference 2, the function of interest in the instance
of scattering from a spherical rough surface is

(1) P(ake) = NRAKk Cor(H;° H;5%)

where Cor(H;S H,5%) is the correlation coefficient of the backscattered
fields, i.e., of the sidebands of the return signal, R is the radius of
the scattering body, and Ak = 2wAf/ c. By noting where the experi-
mentally obtained function P(Akoc) falls off to half its initial value (the
initial value being where ZRAk is still large, e.g., at Af = 2000 Hz),
an estimate of the surface RMS height can be obtained. It is predicted
theoretically in Reference 2 that the correlation coefficient of the
backscattered field is

o S 1 _202 A K2

(2) Cor(Hlsts*) =

where S is the effective RMS surface slope (frequency dependent),
K(S) is a function of S and ¢ is the RMS height. The function 1 - ¢(x)
is the complement of the error function, ¢(x), and is given by
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Equation (2) is valid only when 2RAk > > 1 (Af > 1000 Hz in the case

of the moon).

The function P(A ko) is called here an enhancement of the cor-
~2lation coefficient. Figure 2 shows the theoretically predicted curve
for P(Ako) assuming a Gaussian JPDF statistical model for the surface.
At the point where P(Ako) is one half its initial value it is noted that
202ak? = 0.693. From this it is possible to estimate o, if the curve

is given.
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Fig. 2. Theoretical prediction for P(Ako).




III. INSTRUMENTATION

A phase modulated signal was transmitted from The Ohio
University (30 ft paraboloidal antenna; 82° 07' 29" west longitude,
39° 19' 28" north latitude). Tl= carrier frequency was 2270 MHz.
The frequency separation, Af, between the first sidebands ranged

from 1 kHz to 60 kHz. The transmitter power was approximately
10 kw.

The receiving station was The Ohio State University Electro-
Science Laboratory (82° 02' 30" west longitude, 40° 00' 10" north
latitude) using one of an array of four 30 ft paraboloidal antennas.
Parametric amplifiers provided approximately 4 dB noise figures,
20 dB gain and 30 MHz bandwidth.

The receiver system was the same as that described in
Reference 3 with the exception that two receivers, each with a
bandwidth of 2.5 kHz, were added. One receiver was tuned to the
upper sideband, the other to the lower sideband. Also, the signals
were envelope detected. Figure 3 is a block diagram of the two-

frequency receiving system. For a more detailed description see
Reference 3.

30 MHz
PARAMETRIC | 2270 MHz (TJEP%EIRVER 455 KHz + M/Z
AMPLIFIER [ +f MIXER PR D)
DOPPLER
ENVELOPE
ANTENNA DETECTOR
2240 MHz *+ 1t ool ER TAPE
RECORDER
ENVELOPE
DETECTOR
R
FREQUENCY | 455 KHz | RECEIVER (i%agxﬁ f
FREQUENCY .
STANDARD

Fig. 3. Two-frequency receiving system.



It must be noted that the correlation according to Reference 2
should be proportional to E{Hf st*}, where E{ } denotes the expected

value, Hf and Hf are the scattered fields at the two frequencies f)
and f;, respectively, and * denotes the complex conjugate. The
instrumentation for this experiment, however, provides a correlation
proportional to E{ !Hlsl IHZSU, thus the phase contribution was lost.

The cross-correlation of two real processes is defined by
ny(tp t2) = E{x(t;) y(tz)}
The cross-coyariance is defined by
Cxylti tz2) = Ryy(ti tz) - mx(t1) my(tz)

where mx(t) = E{x(t)} and rny(t) = E{y(t)} define the mean values of
x(t) and y(t), respectively. For the purposes of this experiment,
t1=tz. The processes are assumed stationary.

The correlation coefficient is defined by

= Cxy - Ryy - mymy

0,0

Pxy

where oy and oy are the standard deviations of x(t) and y(t), respectively,
and are given by

Tx E{Xz } - mxz

E{(x-mx)? }

and

crYZ = E{(y—rny)Z } = E{y?} - rrlyZ .

Thus




3 - E{xy} - E{x} E{y}
(3) P xy 1 1
[E{x?} - B2»N2 1 i) - E¥y}]2

Assuming the processes are ergodic, i.e., assuming time
averages and ensemble averages are equal, the statistical (ensemble)
averages of Eq. (3) can be replaced by time averages to give

N N N
1 ¢ 1Y
N wnc \§) L L m
(4) Pxy A n=l n=1 . n=1
N N 3 N N 211
1 O 1 11 1 Fl
N R T
i
n=1 n=1 n=1 n=1

By means of this expression estimates of pxy as a function of Af can be
obtained. The desired function is then (see Eq. (1), Section II)

where R is the radius of the moon (1738 km). The computer program
used in computing Pxy is given in the Appendix.




V. EXPERIMENTAL RESULTS

Data were recorded with frequency separation values of Af = 1,
2,3,4,8,20,40,60 kHz. The length of each recording period was about
10 minutes. The data were recorded on magnetic tape. Samples of
both the upper and the lower sideband data for frequency separations of
1 kHz and 60 kHz are shown in Fig. 4.

Analog-to-digital conversion was performed at the OSU Computer
Center. The data were sampled at a rate of 125 samples per second
per channel.

Estimates of the correlation function, Pexp(Ak(r), were computed
from the available data according to Eqs. (4) and (5) of Section IV. The
results are shown in Fig. 5. The experimental results can be compared
with the theoretical curve of Fig. 2 after normalizing F, (Ake) with
respect to an "initial value' of 0.84 (derived from Fig. 5). This com-
parison is shown in Fig. 6, where the ''predicted' curve has been
matched to the experimental points to provide the best fit. It is seen
that the normalized, enhanced correlation function reaches half its
initial value at a frequency separation of about 60 kHz, which corresponds,
according to the relation?

(6) 202 Ak?% = 0,693,

to an RMS surface height, o, of about 500 meters. This can be compared
with an estimate® of about 1.4 kilometers obtained from the contour map
of the limb region that was constructed by Hayn (1914) from photographs
of the lunar profile.

Due to the small amount of data available for each value of Af,
no meaningful ranges of experimental error can be attached to the
points obtained. It is suggested" > in theory that the error in
estimation of the correlation coefficient is inversely proportional to
the square root of the total number of independent pairs of sample
points. Possible error limits on this basis are provided in Figs. 5
and 6. They are purely statistical in nature.

No definite explanation can be given for the discrepancy of the
point at 2Af = 4 kHz. The presence of an additional noise component
could have produced the decrease in correlation.
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Fig. 4. Upper and lower sidebands of return signals
for Af = 1 kHz and Af = 60 kHz.
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Fig. 5. "Enhanced' correlation function, Pexp(Akcr) .

VI. CONCLUSIONS

Even though the experiment discussed in the preceding sections
did not comply exactly with the two-frequency experiment described
in Reference 2, it is felt, in light of the results obtained, that certain
conclusions can be drawn. - First, the experimental results of Section V
suggest that the RMS height of the visible lunar surface is on the order
of 500 meters. Secondly, the general agreement of the experimental
enhanced correlation function (Fig. 6) with the theoretically predicted
behavior tends to verify the theoretical basis of the two-frequency
experiment. Finally, it is concluded that these results have shown the
two-frequency experiment to be a valid technique to be used, along with
established methods, in the study of remote surfaces, and hence merits
further development.

10
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Fig. 6. Normalized, enhanced correlation function
compared with theoretical predictions.
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Vii. RECOMMENDATIONS FOR
FUTURE WORK

The ''two-frequency experiment'' described in Reference 2 and
the supporting experimental results presented in preceding sections
of this report represent a significant contribution to the understanding
of the problem of studying planetary surfaces by radar methods. A
repetition of the two-frequency experiment is suggested, however,
with equipment suitable for predetection correlation measurements,
over a larger range of frequency separation (out to, say, Af = 120 KHz).
It would be desirable to use a carrier frequency no higher than a few
GHz, since it is not known by how much the noise due to the diffuse

component of the lunar scattering may reduce the observable correla-
tion between the two frequency components.

Further theoretical development of the two-frequency method
(i.e., to include post detection correlation experiments, non-physical
optics surface models, etc.) could also be profitably undertaken.

ACKNOWLEDGEMENTS

The authors express their appreciation to Messrs: D. Hayes,
K. Reinhard, M. Gordon, D. Landis, D. Henry and F. Cook for
the collection of the data.

12




REFERENCES

6.

Barrick, D.E., ""A More Exact Theory of Backscattering from
Statistically Rough Surfaces, ' Report 1388-18, 31 August 1965,
Antenna Laboratory, The Ohio State University Research
Foundation; prepared under Grant No. NsG-213-61, National
Aeronautics and Space Administration, Washington, D.C. 20546,

Barrick, D.E., '"Determination of RMS Height of a Rough Surface
Using Radar Waves, '' Report 1388-19, 31 August 1965, Antenna
Laboratory, The Ohio State University Research Foundation;
prepared under Grant No. N8G-213-61, National Aeronautics

and Space Administration, Washington, D.C. 20546.

Peake, W.H., Turpin, R. and Taylor, R.C., "OSU Lunar
Doppler Experiment, ' Report 1388-22. The report is in
preparation.

Davenport, W.B., Jr., ''Statistical Exrror in Measurements on
Random Time Functions, ' Journal of Applied Physics, Vol. 23,
No. 4, 377-388 (April, 1952).

Evans, J.V. and Ingals, R.P., '""Radio-Echo Studies of the Moon
at 7.84-Meter Wavelength, ' Lincoln Laboratory Technical
Report No. 288, (20 November 1962).

Daniels, F.B., "A Theory of Radar Reflection from the Moon
and Planets, "' Journal of Geophysical Research, Vol. 66, No. 6,
(June, 1961).

Evans, J.V., ""Radar Studies of the Moon, "' Radio Science, Vol. 690,

No. 12 (December 1965).

Klemperer, W.K., "Angular Scattering Law for the Moon at a
6-Meter Wavelength, ' Journal of Geophysical Research, Vol. 70,
No. 15 (August, 1965).

Trexler, J.H., "Lunar Radio Echoes, " Proc. IRE, 46, 286-292,
(1958).

13



APPENDIX

SCATRAN COMPUTER PROGRAM FOR COMPUTING pxy

Description of input and output terms:

NTAPE

NRUNS

IFSEP

NSPS

NWR

NCHS

NCHI1, NCH2

NFSKIP

NOBACK

NOPLOT

NS

TSKIP
TCOR
KXY

XMEAN,
YMEAN

XDEV, YDEV

It

1]

Digital tape identification

Number of sets of data to be correlated
Frequency separation for current set of data
Data sample rate

Number of words per record

Number of channels on the tape

Numbers of channels to be correlated
Number of files skipped to reach data

If not equal to zero, will backspace a number of
records equal to the number of records just read

If not equal to zero, will plot data by means of the
Scatran plot package

Every NSth data point is used in computing the
correlation

Time in seconds to skip within a file to reach data
Time length of data (in seconds) to correlate

Correlation coefficient

Mean value of each channel

Standard deviation of each channel

14




* % INPUT

* 801 1 HB TAPE NOe 605

*%% RUN+DUMPLOWERCORE » SCATRAN

C
C
C
START
F FHEAD

FLIST

F FORMAT
F FBACK
TSTC
READ

SKIPF I

SKIP

NOPE

F FFRUN

PLOTX

PLOTY

CORR

TWO~FREQUENCY CORRELATION COEFFICIENT-

DIMENSION(FMT(12)+IX(1000)s1Y(1000))-

FLOATING(KXY )~

READ INPUT«84 (NTAPE )=

WRITE OUTPUT+FHEAD s (NTAPE )~

(38H TWO-FREQUENCY CORRELATION COEFFICIENTs10X+9HTAPE NOe o
13/77/7)~

DEF INE POOL+POOL 424501 =

FILE LIST(A«SINPUT $)-

ATTACH FILES+POOL+As 1=~

NFILE=1~

READ INPUT+8+ (NRUNS) =~

DO THROUGH(END) «+NUR=11+1+NURsLE e NRUNS~-

READ INPUT+84 (IFSEPINSPS«NWRsNCHS e NCH1 « NCH2 + NFSKIP +NOBACK »
NOPLOTWNS )=

NFILE=NF ILE+NFSKIP~

READ INPUT«FORMATs ((FMT(I)eI=0slelelel2))=

(121.6) -

PROVIDED(NOBACKE«O) s TRANSFER TO (TSTC)H-

WRITE OUTPUT«FBACK+(TCOR)~

(16H BACK UP +FSels5H SECe/ )=

READ INPUT+ 74 (TSKIP+TCOR) =

DO THROUGH(SKIPFI)eNFI=0s1eNF1lel.e NFSKIP=

READ DECIMAL yA+SKIPF1 49~

.TRANSFER(READ)~-

CONT INVUE -

NRSKIP=TSKIP*#NSPS*NCHS/ (3%¥NWR ) ++5-

DO THROUGH(SKIP)eI=19]1s]eLE«NRSKIP~

READ DECIMAL ¢ A+sEOF 49~

PROVIDED (NOBACKE«0) +« TRANSFER TO (NOPE)-

TO CORRELATE DIFFERENT CHANNELS BUT SAME TIME AS PREVIOUS RU

N e e )

BACKSPACE RECORDSsA+NOPE+NRDATA-

NRDATA=TCOR¥NSPS*NCHS/ (3¥NWR )+ «5-

WRITE OUTPUT «FFRUN (NURINSPS e NWRsNCH]1 ¢+ NCH2sNCHSsNF ILE+ TSKIP»
TCORWNS )~

(10H RUN NOe ¢12//5Xe15417H SAMPLES/SECs (R -
1 3HWORDS/RECORD /5SX+ 1 3HCORRELATE CHesI2+8H AND CHev 12
4H OF +12+22H CHS ey FILE NOe +11//5XsSHSKIP o
FS5elsl17H SECes CORRELATE +sF5el1412H SECes NS = 411//)-

NJ=3¥NWR/NCHS -

MXY=0-

MX=0w

MY=0=

MXX =0~

MYY =0~

DO THROUGH(WORK ))sNR=14+1NRLE+NRDATA-

READ DECIMAL +ASEOF sFMT o (TA«IB2IC+IDs (IX(J)eIY(U)eJ=14sl0s
JeLEsNJ) )~

PROVIDED(NOPLOT+E«+0) s TRANSFERTO(CORR )~

CALL SUBROUTINE{()=SYMBOLe(OesQDes 0741 90e9~-1)-

CALL SUBROUTINE()=PLOT e (Dese001%IX(1)es3)~

DO THROUGH(PLOTX)sJ=1 eNSsJelL eNJ=

CALL SUBROUTINE()=PLOT ((J*¥,01575 0o 001 HIX(J+1)02)=-

CALL SUBROUTINE()=SYMBOL-‘0.v150'007110000-1)—

CALL SUBROUTINE()=PLOT ¢ (0es15e+e001%IY(1)e¢3)~

DO THROUGH(PLOTY)YsJ=1aNSeJel «NJ=

CALL SUBROUTINE()Y=PLOT«(J%¥,01575 o001 #IY(J+1)4+15e42)=

CALL SUBROUTINE ()=PLOT.« (NJ *60157590e9-3)~

DO THROUGH(WORK)sJ=1 s NSsJeLENJI=-

15



WORK

EOF
F FEOF
1GNORE

END

F FOUT

¥* ¥ ¥ DATA
605
1

40 125

MXY=MXY+IX(J)*¥IY(J)-

MX=MX+1X(J)=

MY=MY+IY(J)=

MXX=MXX+IX(J)*IX(J)=

MYY=MYY+IY(J)%IY (V)=

TRANSFER ( IGNORE ) -

WRITE OUTPUTFEOF + (NR) =~

(12H END OF FILE+SXsSHNR = +13)-

N=NJ*# (NR=~1) /NS~

XMEAN=1 ¢ ¥MX /N~

YMEAN=1 ¢« ¥MY/N-

XVARS ] ¢ ¥MXX/N=-XMEAN P o 2~

YVAR=1 e ¥MYY/N-YMEANeP ¢ 2~

KXYz (] e¥*¥MXY/N=XMEAN*YMEAN) /SQRT e (XVAR¥YVAR)~

WRITE OUTPUT+FOUT s (IFSEP+KXY+XMEAN« YMEANsSQURTe (XVAR ) »
SQRT e (YVAR) )} =

(8H K(I2+¢7HKHZ) = 2F10e5+44X e BHXMEAN = +F8e3¢4Xs

BHYMEAN = «F8e3¢4Xs7HXDEV = «FBe3¢4Xs7HYDEV = +F8e3//)-

PROVIDED(NOPLOTeNE«Q)s CALL SUBROUTINE()=PLOTEW()-
CLOSE UNLOADsAs1-

CALL SUBROUTINE ()=ENDJOBe ()=

E“NDPROGRAM(START) -

500 2 1 2 2 0 0 1

(N18+¢3N6+7502(C12+C12))

Oe

120
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